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We present a cryogenic microwave noise source with characteristic impedance of 50Ω that can be installed in a coaxial
line of a cryostat. The bath temperature of the noise source is continuously variable between 0.1 K and 5 K without
causing significant back-action heating on the sample space. As a proof-of-concept experiment, we perform Y-factor
measurements of an amplifier cascade that includes a traveling wave parametric amplifier and a commercial high elec-
tron mobility transistor amplifier. We observe system noise temperatures as low as 680+20−200 mK at 5.7 GHz correspond-
ing to 1.5+0.1−0.7 excess photons. The system we present has immediate applications in the validation of solid-state qubit
readout lines.
I. INTRODUCTION
Detection of weak microwave signals in a cryogenic en-
vironment is a primary task in the field of quantum technol-
ogy. Solid-state qubits with transition frequencies in the mi-
crowave region operate at millikelvin bath temperatures in or-
der to reduce thermally excited population of a qubit and to
reduce noise. In practice, discriminating the state of the qubit
relies on observing the qubit-state-dependent frequency shift
imposed by the qubit on a coupled readout resonator1,2. The
readout protocol of the microwave resonator imposes strict
added-noise and gain requirements on the first amplifier in the
chain to achieve single shot readout without averaging3. To
address this challenge, various ultra-low noise amplifiers have
been developed including quantum-limited parametric ampli-
fiers exploiting the non-linearity of Josephson junctions4–9,
and non-linearities in superconducting thin films10–13. Further
development of dispersive readout requires accurate measure-
ments of quantum-limited amplification chains within dilution
refrigerators.
Noise performance of a microwave amplifier can be ex-
pressed as a noise temperature, i.e., the noise added to a sig-
nal by an amplifier that is equivalent to that of a matched re-
sistor of thermodynamic temperature T . A common method
for determining the amplifier noise temperature is the hot-cold
source method or so-called Y-factor method14,15. The proce-
dure places a matched load resistor with a "cold" temperature
T1 at the input of an amplifier and the amplified output noise
N1 is recorded using a spectrum analyzer in a specified band-
width. The previous step is repeated using a vastly different
"hot" input noise temperature T2 with corresponding ampli-
fied noise N2, and the Y-factor is then defined as the ratio
of the output noise powers Y = N1/N2. Finally, the effec-
tive noise temperature of the amplifier is obtained using the
Y-factor T = (T1−Y T2)/(Y −1).
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Applying the Y-factor method to an amplifier in a mil-
likelvin environment with a noise temperature in the regime
< 1 K poses the following technical challenges. First,
impedance differences between the hot and cold source sig-
nal pathways when operated through a coaxial switch can
lead to systematic errors16. Second, as a practical challenge,
cold-loads are not widely available and require users to build
custom components17,18. In addition, uncertainty of the two
temperature points that define Y can lead to fitting errors es-
pecially if the amplifier under test (AUT) has a low noise
temperature compared to the cold load, requiring additional
systematic correction terms19. Furthermore, if the load re-
sistor is poorly thermalized, the calculated noise temperature
from the Y-factor measurement will be overestimated17. Other
noise measurement techniques for low temperatures have been
demonstrated including using a 50 Ω tunnel junction as a
source of shot noise20. Alternatively, the power of a mi-
crowave tone can be accurately calibrated in a narrow band
using the ac Stark shift of a qubit itself, and the signal to noise
ratio of the transmitted tone can be measured directly7. In
these techniques, system complexity increases, or bandwidth
decreases, which motivates manufacturable noise sources for
Y-factor characterization of amplifiers with noise tempera-
tures below 1 K.
In this article, we describe a compact noise source — de-
signed with a characteristic impedance of 50 Ω — that can
be operated in a temperature range between 0.1 K—5 K
within a cryostat without causing significant back action heat-
ing on the base temperature stage. As an application, we
implement a typical qubit readout line21 for circuit quantum
electrodynamics22 and measure noise temperature of the am-
plifier cascade. In particular, the cascade includes a travel-
ing wave parametric amplifier (TWPA)6,7,23, a commercially
available cryogenic high electron mobility transistor amplifier
(HEMT)24,25, and additional room temperature amplification.
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Figure 1. Matched temperature-variable noise source. a) Rendered cross-section of the noise source on the cold plate. The 10 dB Cu-cased
bulkhead attenuators (1) and (2) are connected with an SMA adapter (3) and fastened to threads in the copper body at (1). A variable heater (4)
and thermometer (5) are attached on top. Thermal weak links of three stacked alumina beads (6) and long M3 stainless steel screws mount the
Cu-body and semi-rigid NbTi cables connect the microwave ports (7). b) Temperature decay from 5 K to base. Inset: thermal time constant as
a function of source temperature. c) Two-port S-parameters of an attenuator calibrated at 10 mK.
II. METHODS
A. Thermal noise source
We illustrate the noise source and its characteristics in
Fig. 1 and a photograph of its parts is provided in Appendix B.
The central elements are the matched resistor networks that
we implement using two 10 dB bulkhead copper-cased atten-
uators with K-2.92mm jack interfaces shown as (1) and (2)
in Fig. 1a. The thermalization of the copper-cased attenua-
tor is more efficient than that of a commercial stainless steel
counterpart and one of the bulkheads (1) is fastened directly to
threads in the copper body of the noise source. The operation
principle of the noise source is that the resistive heater bobbin
of (4) increases the temperature of the Cu body (with a mass
of approximately 0.3 kg) including the inner bulkhead attenu-
ators of (1) and (2) to emit thermal noise into the coaxial line.
Temperature monitoring and feedback are implemented using
a ruthenium oxide thermometer attached to the body of the
noise source in (5). The thermometer is calibrated against a
noise thermometer (a magnetic field fluctuation thermometer,
from Magnicon GmbH) which was calibrated at Physikalisch-
Technische Bundesanstalt against the PLTS-200026,27. The
source can be operated either by transmitting a microwave
probe tone through (1) and (2), or as a single-ended noise
source where noise is emitted directly from one of the ports.
The source is designed to be mounted to an ISO-KF16 port in
a dilution refrigerator flange so that a superconducting semi-
rigid coaxial cable can pass through the port opening as shown
in Fig. 1a. In the measurements presented in this article, the
noise source is mounted to a stage with a base temperature of
100 mK, i.e., the cold-plate stage of a commercial dilution re-
frigerator cryostat, where the mixing chamber stage below it
reaches a temperature of approximately 8 mK.
To limit unwanted heating of the surrounding areas of the
cryostat, the three attachment points of (6) are designed as
thermal weak links that consist of three M3x50 mm stainless
steel screws running through alumina fish-spine beads with
an area-to-length ratio of 3.9 mm. At high temperatures of
greater than 3 K, conduction through the alumina beads dom-
inates the heat transfer so that the noise source can be cooled
quickly during the initial cooldown. However, at lower tem-
peratures, thermal conductance of the alumina beads becomes
weak compared to stainless steel screws, and the screws are
the thermal weak link between the noise source and flange.
For example, if the noise source is at the temperature of 1 K,
3and the supporting flange is 100 mK, the heat conductivity
integrals28 are evaluated as Q˙S = 7.2× 10−4 W / cm and
Q˙AlOx = 7.8×10−5 W / cm for the stainless steel and alumina
beads respectively. Taken together, the total heating power on
the mounting flange due to the noise source is 100 µW. Based
on simple estimations, any residual heating due to radiation is
at least three magnitudes lower even if the noise source were
at 5 K. Furthermore, connections between the attenuator ports
and the other stages of the cryostat are made with thin super-
conducting NbTi cables to minimize heat transfer through the
microwave cabling.
We studied the back-action heating of the noise source on
its surroundings and display the results in Fig. 1b. In prac-
tice, we find that the source can be operated between 0.1 K
and 5 K when placed on the cold plate of a dilution refrigera-
tor without significant heating of the lowest temperature stage
(mixing chamber plate). Importantly, this provides enough
dynamic range in output noise temperature to analyze both
near-quantum limited-amplifiers and low noise HEMT ampli-
fiers. In Figure 1b, at a noise source temperature of 5 K the
mixing chamber heats up to 30 mK. This unwanted heating of
the sample space could be further reduced (at the expense of
a longer time constant) by increasing the length of the stain-
less steel screws and number of alumina beads. The thermal
time constant of the noise source is temperature-dependent
and governed by the ratio of the heat capacity of the copper-
body of the noise source to the thermal conductance of the
weak link29. We measure the time constant by first elevat-
ing the noise source temperature to a constant value using a
constant heater power. Subsequently, the heating power is re-
duced by 5 %, and the cooling curve between each steady state
temperature was fit to an exponential decay with time constant
τ . The procedure was repeated over a range of heater pow-
ers that correspond to the temperature points in the inset of
Fig. 1b. As the temperature increases from 0.1 K to 5 K, the
corresponding thermal time constant of the noise source de-
creases from > 500 s to 10 s. In the following sections, waiting
times of at least > 2.5τ between temperature data points are
used. For example, to guarantee thermalization of the noise
source in the results of Sec. III, we always wait 20 minutes
after changing the temperature feedback setpoint and before
starting a measurement.
We characterize the impedance matching of the same type
of attenuator as the ones installed in the noise source by mea-
suring the calibrated reflection and transmission using a thru-
reflect-line technique similar to Ref. 30. As shown in Fig. 1c,
the reflected signals S11,22 are below -20 dB over a frequency
span from 1.5 GHz – 12.5 GHz at the temperature of 10 mK.
Based on this impedance matching, we omit mismatch ef-
fects in noise error budget of the following sections. Fur-
thermore, we observe that the attenuation remains at a nearly
constant value of 10 dB over the measurable frequency range.
The bandwidth of the measurement is limited by the electri-
cal length of the line standard, and directional coupler in the
measurement.
B. Measurement Principle
Figure 2 displays the noise source with controllable physi-
cal temperature Tbath ≥ 100 mK installed at the input of the
cascaded amplifiers. A full wiring diagram with all com-
ponents is shown in Appendix A 1 (Fig. 5a). The physical
temperature determines the input noise temperature Tin in ei-
ther a classical or quantum regime31. In the classical regime
of kTbath  h f (where k is the Boltzmann constant, h is the
Planck constant, and f is the operation frequency of the AUT)
we consider the condition Tin ≈ Tbath15. In contrast, the quan-
tum regime is characterized by kTbath / h f , with a correspon-
dence between Tbath and Tin as,
Tin =
h f
2k
coth
h f
2kTbath
. (1)
To improve accuracy, we always include this quantum correc-
tion to the noise emitted by the noise source, even at higher
noise temperatures.
probe
Figure 2. Noise source wired with microwave switches for compar-
ing noise and gain with and without a TWPA. A probe tone is ther-
malized to the mixing chamber stage temperature using attenuators
before being routed to the input of the noise source at Tbath. The first
signal path includes a coaxial "Thru" at the mixing chamber stage
to bypass the TWPA and enable loss-calibrated gain measurements.
The second signal path includes the microwave-pumped TWPA to
amplify both the probe tone and noise. Subsequent isolators protect
the TWPA from HEMT back-action. The green (orange) variables
indicate lumped noise contributions for the first (second) signal path.
The wiring configuration of Fig. 2 is designed to compare
noise results with and without the TWPA. Specifically, two
distinct signal paths can be selected with the coaxial switch
that is installed at the millikelvin stage. The first path in-
cludes only a 76-mm-long coaxial transmission line labeled
"Thru" (green line) to bypass the TWPA, and the second sig-
nal path includes the TWPA (orange triangle). The microwave
pump tone required to operate the TWPA can be combined
with the signal paths through a directional coupler at the mix-
ing chamber stage of the cryostat. After the HEMT and room
temperature amplification (not shown), a spectrum analyzer
detects the output noise power from the system. Specifically,
we measure the integrated noise power Pout from a 10 kHz
4window at a single operating frequency. Additionally, we ap-
ply a probe tone — importantly at a signal-to-noise ratio of
at least 10 dB — at the same frequency where the noise is
measured. This allows to accurately detect the difference in
magnitude of transmission between the first and second signal
paths to determine the gain of the TWPA.
We consider initially the output power of the first signal
path that bypasses the TWPA. To express the measured out-
put noise power in terms of equivalent noise temperatures of
individual components, we divide Pout by the sum of amplifier
gain and component losses Gtot, the measurement bandwidth
B, and k as
Pout
GtotkB
= Tin +THEMT +
Tbkg
GHEMT
, (2)
where Tin is the experimentally controllable input noise tem-
perature from the noise source via Eq. (1), THEMT is the noise
temperature of the HEMT with gain GHEMT ∼ 104, and Tbkg
arises from the amplification and loss in components at higher
temperature stages following the HEMT. The green text la-
bels (THEMT,Tbkg) in Fig. 2 indicate the noise of lumped noise
contributions along the first signal path. These contributions
govern the system noise Tsys = Pout/GtotkB, which is the key
quantity when determining the performance of the amplifier
chain.
We collect many pairs of data points (Tin, Pout) for
0.135 K < Tbath < 3.6 K and fit these with Eq. (2) reformu-
lated as Tin = αPout− Tadded, which we demonstrate with an
example fit in Appendix A 2. This reordering of terms is done
because the gain Gtot contained in the slope α cannot be mea-
sured directly with the wiring of Figs. 2 and 5. The offset
Tadded reveals the noise added by the cascade, which is equiv-
alent to the system noise after the addition of a minimum in-
put noise Tbath = 10 mK using Eq. (1). In other words, nearly
h f/2 input noise would emerge as the noise coming from the
10-mK mixing chamber stage itself, even in the absence of
experimentally added noise. In addition to amplification, the
measured system noise quantifies the noise contributions due
to the loss in passive components such as the cables, isolators,
and filters between the noise source and HEMT. On the other
hand, the high gain of the HEMT makes noise after the HEMT
insignificant given the condition Tbkg/GHEMT THEMT.
For the second signal path of Fig. 2 that includes the TWPA,
we expect to obtain a lower system noise temperature due to
the added gain from the TWPA as well as its low physical
temperature and composition from low-loss superconducting
materials. More precisely, the TWPA is an approximately
50-ohm transmission line composed of a series array of 4064
Josephson junctions with a critical current of about 4 µA, fab-
ricated at VTT with the side-wall spacer passivated junction
process32. Additional details including a list of design pa-
rameters, an electrical circuit model, and a microphotograph
of the device are available in Appendix C 1. Using a strong
pump tone, the Kerr-nonlinearity of the junctions allows a
four-wave mixing process where an additional idler appears at
fi = 2 fp− fs with fs as the signal and fp the pump frequency.
This process adds additional steps to the measurements and
data analysis since the idler band is also a source of noise, as
we detail in Appendix A 2. Another consideration is that, to
prevent saturation of the TWPA, we operate the noise source
at low temperatures of Tbath < 900 mK. In this low tempera-
ture regime, the quantum corrections of Eq. (1) are especially
important31.
III. MEASUREMENT RESULTS AND ANALYSIS
We characterize the TWPA gain using the wiring intro-
duced in Sec. II B and display the results in Fig. 3 measured
with a network analyzer. The device is pumped at 5968 MHz
with an approximate power of -69 dBm at its input port (that
was estimated by accounting for ∼ 10 dB loss arising from
cable losses). Using a probe tone of approximately -131 dBm
at the TWPA input port, we observe the characteristic semi-
circle gain profile that is centered on the pump frequency as
can be seen in the blue "pump on" trace of Fig. 3. In compari-
son, when the pump is turned off we observe attenuation from
dielectric loss in the transmission line of the TWPA (orange
trace). The loss (4.5 dB at 8 GHz) in the un-pumped device
motivates using the separate coaxial "Thru" for accurate loss-
calibrated gain measurements of parametric amplifiers that are
operated in transmission. The calibrated gain of the TWPA
stays above 10 dB in a 700 MHz region around the pump.
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Figure 3. Traveling wave parametric amplifier gain (loss) in blue
(orange) overlaid with navy-colored (brown) numerical simulation
data (see appendix C). The vertical line marks the pump frequency.
After verifying the TWPA operation we are now prepared
to perform the Y-factor measurements for both signal paths
following the measurement principle of Sec. II B using many
input noise temperature points. We plot the noise temperature
results in Fig. 4 where the error bars are derived in Appendix
A 3. For the "Thru" signal path that bypasses the TWPA, the
noise is dominated by the wiring and connectors between the
noise source and HEMT, filters, isolators, and the added noise
of the HEMT. The system noise—plotted as blue markers of
Fig. 4—is measured at frequencies between 5 GHz – 7 GHz,
and its lowest value is 3.3+0.1−0.8 K near 6 GHz. The noise
exceeds the values reported in the data sheet of the HEMT
5Figure 4. Noise temperatures given by the Y-factor method. The sys-
tem noise is measured with ( ) and without the TWPA ( ), which
allows calculating the intrinsic TWPA noise ( ) bounded by the
standard quantum limit ( ). The vertical line marks the pump at
5968 MHz. Measuring the HEMT separately without isolators ( )
allows comparison to data sheet values ( ). All error bars consist
of insertion loss, and fitting uncertainty.
(dashed line) of approximately 1.7 – 1.9 K. We can explain
this discrepancy by performing a separate control experiment
where we remove the isolators, and filters from the output line.
In the control experiment, we operate the noise source in a
single-ended mode at 6.5 GHz (red cross in Fig. 4) with the
source directly connected to the HEMT through coaxial cables
(see schematic of Appendix A 1, Fig. 5b). The system noise
temperature in the control experiment is 2.2+0.1−0.3 K which is in
agreement with the value reported in the HEMT data sheet.
Therefore, we conclude that the wiring, isolators, and filters
have a non-negligible contribution to the system noise. Re-
gardless, in any practical quantum measurement, one needs
to isolate a sample or a parametric amplifier from a reflective
and relatively high temperature HEMT. Therefore, the higher-
than-specified system noise values represent realistic system
performance.
Measured through the signal path that includes the TWPA,
the system noise (teal diamonds) reaches its lowest value of
680+20−200 mK at a frequency of 5735 MHz (which is detuned
by 233 MHz from the pump). This result is 2.5+0.1−0.7 times
the one-photon quantum limit33 (red dash-dotted line) that
also includes input noise. We note that the measured system
noise follows an inverted trend with respect to the frequency-
dependent gain profile of Fig. 3, because the gain of the low-
noise TWPA can dilute the added noise of the HEMT in the
total system noise.
Finally, we calculate the intrinsic noise of the TWPA by
analyzing the differences in system noise and gain between
the two signal paths. We reduce the system noise from the
"Thru" signal path to the input of the TWPA and calculate
the difference which is the TWPA noise TTWPA = Tsys,TWPA−
Tsys,HEMT/GTWPA. Another representation can be obtained by
converting the TWPA noise temperature data to photons. We
calculate the weighted average of input noise photons with
n= kTTWPA/h f , leading to an estimate of n¯= 1.3+0.2−0.3 photons,
which is close to the one-photon quantum limit. This analysis
supports the hypothesis that if the amplifier gain increased,
the system noise would asymptotically decrease toward the
quantum limit to achieve optimal signal-to-noise.
IV. CONCLUSION
In conclusion, we have developed a well-matched temper-
ature controllable "cold" noise source designed for character-
ization of ultra-low noise amplifiers in a cryogenic environ-
ment. The dynamic range is designed for modern cryogenic
amplifiers including both quantum limited parametric ampli-
fiers and HEMTs. We demonstrate its use in conjunction with
an amplifier cascade intended for qubit readout. Our results
also highlight the significance of the losses in components that
directly precede the HEMT, which we observe can even dou-
ble the system noise temperatures. The noise source apparatus
lays the groundwork for testing other sensitive low-noise am-
plifiers and optimized readout line configurations.
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6Appendix A: Details on measurement and analysis
1. Full Measurement Schematic
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Figure 5. Detailed schematic for noise and gain measurements. a)
The probe signal is filtered and attenuated in stages with 71 dB of
fixed attenuation. The noise source is weakly thermalized on the cold
plate (100 mK). The TWPA pump undergoes 64 dB of fixed attenu-
ation before reaching the device between microwave switches. The
amplified signal is measured on the spectrum analyzer (Signalhound
USB-SA124B) or the VNA (N5232B). b) Control experiment with
the noise source connected to the HEMT without isolators between
them. The input port is left open.
2. Data Analysis
In addition to the quantum corrections presented in Eq. (1)
of the main text, when considering the added noise due to
the parametric processes in the TWPA, the presence of the
additional idler tone needs to be taken into account. This can
be done by introducing an effective input noise as
Tin,eff = Tin +
Gconv
GTWPA
Tidler
=
h fs
2k
coth
h fs
2kTbath
+
Gconv
GTWPA
h fi
2k
coth
h fi
2kTbath
,
(A1)
where the first term constitutes noise from the signal fre-
quency fs. The second term, arising from four wave mixing,
is noise from the idler frequency fi = 2 fp− fs converted at a
gain of Gconv and reduced back to the input by division with
the gain of the TWPA GTWPA. Now, using the effective input
noise Tin,eff, we may write the system noise equation for the
path of Fig. 2 that includes the TWPA in a similar manner as
was done for the "Thru" path in the main text. This time we
refer to the orange variables and write the system noise as
Tsys,TWPA =
Tbkg
GHEMTGTWPA
+
THEMT
GTWPA
+TTWPA+Tin,eff, (A2)
where TTWPA is the intrinsic noise of the TWPA, Tbkg is the
same background noise from Eq. (2) again made negligible
by HEMT gain GHEMT, whereas the HEMT noise THEMT is
approximately equal to that measured using the "Thru" path,
since the lumped contributions differ by only a few low-loss
components. Therefore, measuring the system noise through
both paths allows calculating the intrinsic noise of the para-
metric amplifier. The error arising from the handful of differ-
ing components is taken into account following the principles
presented in the next subsection.
In order to apply the above equations, the noise measure-
ments are performed in a similar manner, as for the "Thru"
path of Fig. 2: we heat the source, wait for 20 minutes for the
PID feedback to stabilize the temperature, and measure spec-
tra in 10 kHz windows centered on the chosen signal frequen-
cies. A slight difference in the TWPA measurements is that
the spectra are also captured at the corresponding idler fre-
quencies to determine signal and conversion gains accurately.
This procedure is repeated over a range of bath temperatures
Tbath between 0.135 and 0.9 K.
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Using Eqs. (1), (A1), and (A2), we then fit linear equations
of the form Tin,eff = αPout−T TWPAexc,min where α is proportional
7to the total gain and T TWPAexc,min is the excess noise over the one-
photon quantum limit for system noise, when only vacuum
noise is assumed at the input. An example fit, correspond-
ing to the lowest measured system noise of 680+20−200 mK at
5735 MHz is shown in Fig. 6 alongside a corresponding fit for
the "Thru" path as per Eq. (2). Now, evaluating T TWPAexc,min+Tin,eff
at Tbath = 10 mK gives us the lowest system noise tempera-
ture we could realistically obtain if the amplifier cascade were
wired to receive input noise from the mixing chamber stage
at base temperature. The fit is weighted using calibration er-
rors of the thermometer and the spectrum analyzer which we
estimate to be in the order of 5 mK–7 mK and 0.25 dB, respec-
tively. Actuating the rf switch heats up the mixing chamber,
and therefore we only do it after we have measured all the tem-
perature points for a switch path. For this reason, the effective
input noise Tin,eff of Eq. (A1) is determined using averaged
signal and conversion gains to even out any drifts and their
errors appear also in horizontal uncertainty of the teal-colored
data of Fig. 6, as we will explain in the upcoming subsection.
3. Error analysis
In our noise calculations shown so far, we have omitted the
microwave circuitry after the HEMT as well as the insertion
loss from rf switches, filters, isolators, and other wiring be-
tween the noise source and the first amplifier. In reality, to
obtain the error bars for instance for the noise of "Thru" path
in Fig. 4, we have already corrected the system noise of Eq. (2)
with
Tsys,HEMT =−GATTTadded−
Tbkg
GHEMT
−GATTTATT +Tin, (A3)
where Tadded is again the offset from the fit, GATT and TATT
are the loss and temperature of the attenuator modeling the
insertion loss. The input noise of 10 mK does not affect the
error estimation:
dTHEMT = |−GATT|dTadded + |−Tadded|dGATT
+
∣∣∣∣− 1GHEMT
∣∣∣∣dTbkg + ∣∣∣∣ TbkgG2HEMT
∣∣∣∣dGHEMT
+ |−GATT|dTATT + |−TATT|dGATT,
(A4)
where the third and fourth terms are still very small due to
the high gain of the HEMT, dTadded is the error of mean given
by least squares, GATT = 1 is the uncorrected insertion loss,
and dTATT and dGATT are the corrections to switch tempera-
ture and insertion loss. We feel that the latter errors can only
reduce the noise temperature and they should equate to zero
for positive errors. In the negative case, reasonable estimates
are -100 mK and the difference of 0 dB and the maximal esti-
mated loss of -1 dB. The latter number is based on data sheet
values for the rf switches and the isolators before the HEMT
amplifier.
The error in system noise temperature for the path that in-
cludes the TWPA, i.e. Eq. (A2), is derived quite similarly but
we may now limit the insertion loss to 0.5 dB from the first rf
switch. A new consideration is that, the variations of the probe
GTWPA and conversion gains Gconv also have to be taken into
account in the effective input noise of Eq. (A1), as it is needed
in fitting and its error defines the respective weights for in-
dividual data points. Since we always operate at a signal-to-
noise ratio of over 10 dB, even at the highest source tempera-
ture, noise power at the probe frequency should not affect the
observed magnitude of the probe signal on the spectrum ana-
lyzer. Therefore, for both of these types of gains, at a given
frequency, we may take the mean value (of all gains of the
same type) across all source temperatures. We then use these
means and their statistical errors in calculating the effective
input noise and its uncertainty for that frequency.
Appendix B: Photograph of noise source
Figure 7. Photograph of the parts used for building the noise source.
Appendix C: Traveling wave parametric amplifier
1. Design and fabrication
VTT has developed Josephson traveling wave parametric
amplifiers (TWPAs) that are fabricated with a side-wall passi-
vated spacer (SWAPS) niobium junction technology32. The
multi-layer fabrication process relies on UV photolithogra-
phy and semi-automated 150-mm wafer processing steps. The
substrate is high-resistivity silicon, and the layer thicknesses
of the metals and the insulator range between 50 nm and
120 nm. As in Ref. 6, the TWPA concept is a coplanar waveg-
uide (CPW) transmission line where the center conductor is
composed of Josephson junctions (Fig. 8). The non-linearity
of the Josephson inductance with respect to electric current al-
lows a four-wave mixing process where the energy of a strong
microwave pump tone (at frequency fp) is transferred to a
weak signal (at frequency fs). At the same time, an idler
tone emerges at the frequency 2 fp− fs. The non-linearity also
causes a phase mismatch between the pump, signal, and idler,
which could be compensated for by dispersion engineering6,7.
In a lossless and phase-matched (-mismatched) TWPA the
power gain grows exponentially (quadratically) with the de-
vice length.
8Table I. TWPA device parameters.
Parameter Symbol Value
Junction critical current Ic 4.4 µA
Josephson plasma frequency a ωJ 2pi×46.5 GHz
Unit cell physical length 26 µm
Unit cell inductance (unpumped) b L 312 pH
Unit cell capacitance b C 115 fF
Dielectric loss tangent c tanδ 0.0025
Pump current amplitude d Ip 0.53Ic
Mirror reflection coefficient d r 0.15
Mirror transmission coefficient t
√
1− r2
a The dispersiveness of the CPW is mainly determined by the Josephson
plasma resonance and the unit cell LC cut-off.
b Stray geometric inductance (capacitance) extracted from ANSYS HFSS
electromagnetic simulations amounts to about 3% (4%) of the unit cell.
c In our numerical model only the signal and idler experience dielectric
loss, while the pump remains unaffected.
d A free parameter when we optimize the numerical model.
...
IC, 휔J
C/2,
tan훿 
r, t r, t
signal signal
idlerpump
pump
Figure 8. TWPA electrical circuit. For the definition of symbols,
see Table I.
Microphotographs of our phase-mismatched TWPA show a
meandering layout where a four-junction unit cell is repeated
1016 times (Fig. 9). We target a critical current density of
100 A/cm2 for the Nb/Al-AlOx/Nb junctions. The shunt ca-
pacitance to ground is dominated by parallel plates separated
by atomic layer deposited AlOx, with a capacitance density
per unit area of about 1.5 fF/µm2. The electrical device pa-
rameters are listed in Table I.
2. Numerical modeling
To simulate the TWPA transmission we combine the fol-
lowing set of tools: coupled-mode equations (CMEs) of the
co-propagating waves34, modeling of dielectric loss7, and
analysis of gain ripples9. The pump is assumed to be stiff and
the pump current has a constant amplitude Ip. The magnitude
of the idler entering the TWPA input is zero. The numerically
solved CMEs produce the complex-valued transmission scat-
tering parameters Son and Soff of the signal tone in a pumped
and unpumped CPW, respectively. Imperfect radio-frequency
mode conversions at the interfaces between the CPW and the
sample holder are the principal reason for the gain ripples that
we observe experimentally. We model the impedance mis-
match with Fabry-Perot cavity formalism where mirrors (re-
flection coefficient r, transmission coefficient t) reside at the
1 mm
26
µm
Figure 9. Optical microphotographs of a TWPA chip which is nomi-
nally identical to the one that has been measured. The zoom-in shows
about four unit cells. The light gray superconducting layer serves as
the top electrode of parallel plate capacitors. Insulator contact holes
(not clearly visible) on top of the CPW ground planes ensure that the
top structure stitches together the ground potentials.
TWPA input and output (Fig. 8)9. In Fig. 3 we present sim-
ulated curves of the transmitted power along with the experi-
mental data. They have been calculated as the squared abso-
lute values of
t2Son
1− r2SoffSon , (C1a)
t2Soff
1− r2S2off
. (C1b)
Here, Eq. (C1a) [Eq. (C1b)] represents the pumped (un-
pumped) TWPA. Backward-propagating signals are assumed
to experience Soff.
In the numerical model we neglect the small geometric in-
ductances and capacitances, the magnitudes of which are pre-
sented in Table I. Since they are linear, low-loss circuit ele-
ments, the values of Ip and tanδ are slightly underestimated.
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